AIVs' greatest genetic variability lies in the HA, NA, and NS genes. The objective here was to quantify the association between geographical locations, periods of time, and host species and pairwise nucleotide variation in the HA, NA, and NS genes of 70 isolates of H5N1 highly pathogenic avian influenza virus (HPAIV) collected from October 2005 to December 2007 from birds in Romania. A mixed-binomial Bayesian regression model was used to quantify the probability of nucleotide variation between isolates and its association with space, time, and host species. As expected for the three target genes, a higher probability of nucleotide differences (odds ratios [ORs] . 1) was found between viruses sampled from places at greater geographical distances from each other, viruses sampled over greater periods of time, and viruses derived from different species. The modeling approach in the present study maybe useful in further understanding the molecular epidemiology of H5N1 HPAI virus in bird populations. The methodology presented here will be useful in predicting the most likely genetic distance for any of the three gene segments of viruses that have not yet been isolated or sequenced based on space, time, and host species during the course of an epidemic. RESUMEN. Modelo de la asociación entre espacio, tiempo y especies hospedadoras con variaciones de los genes HA, NA y NS de virus de la influenza aviar H5N1 altamente patógenos aislados de aves en Rumania entre los años 2005 al 2007.
strain has undergone numerous genetic changes leading to the evolution of different lineages (or clades) (17) . To date, 10 clades of H5N1 HPAIV have been identified based on sequence comparisons of hemagglutinin genes of 859 H5N1 sequences (35). H5N1 HPAIVs are now spread to a number of countries in Asia, Europe, and Africa. The H5N1 subclade 2.2 emerged between 2004 and 2005, and caused outbreaks in wild birds and poultry in northwestern China before spreading out of Asia and westwards into Russia and Europe in 2005 (4, 17) . Romania was one of the first countries to report H5N1 HPAIV subclade 2.2 infection outside of Asia. The first outbreak of H5N1 HPAIV was detected near Golovita Lake in Tulcea County, in southeastern Romania in early October 2005, where the virus was isolated from domesticated chickens and wild birds (34). A total of 69 outbreaks were reported in Romania during 2005 (34). From January 2006 to December 2007, approximately 110 H5N1 HPAIV outbreaks were detected and reported across Romania in both domesticated poultry premises and wild birds (3, 34) . The outbreaks were predominantly detected in the southeastern part of the country, including the Black Sea coast and river deltas. Phylogenetic analysis of the first H5N1 HPAIV isolates in 2005 indicated that the virus is directly related to the Chinese and Russian isolates (21). Both movement of poultry and wild bird migration appear to play a role in the spread of H5N1 HPAIVs over long distances and into Europe (16, 31) . Furthermore, it was found that the Romanian H5N1 HPAIV outbreaks were a result of multiple introductions, in which the initial introduction may have been caused by wild birds in the Danube Delta region (9) .
Although the genetic and antigenic evolution and geographic spread of the H5N1 HPAIVs was well documented after the initiation of systemic surveillance in 2000 (13) , there is little understanding on how genetic variation of H5N1 HPAIV might be influenced by host and other space, time, and host species. The objective of the study was to quantify the association between 
MATERIALS AND METHODS
Data. In the present study, 70 H5N1 HPAIVs were collected in Romania as part of the AI surveillance activities in poultry and wild birds conducted by the European Union (EU) member states since 2005 (3) . Clinical samples comprised cloacal and/or oral swabs or tissue samples collected in brain-heart infusion with antibiotics media. Viral RNA was isolated from swab eluent or egg-grown isolates with the use of RNA extraction methods as described previously (3) . Full genome sequencing was carried out as part of a Wellcome Trust-funded influenza sequencing pipeline initiative. RNA was reverse transcribed and each of the eight gene segments PCR amplified with the use of universal primers (37) . Amplicons were then full-genome sequenced with the use of 454 technology and assembled with the use of runMapping software as described elsewhere (12). Sequences and their associated data (date, location, and species of isolation) were uploaded to the secure servers of a Web-based system, referred to as the Disease BioPortal (http://fmdbioportal.ucdavis.edu/). The phylogenetic trees of the HA, NA, and NS gene segments, locations, and reporting dates of the sequenced isolates were visualized with the use of the Disease BioPortal time-space-genomic visualizer. A description of the technical attributes and capabilities of the Disease BioPortal along with an illustration of its functionality are available elsewhere (23, 24) . A video demonstration of the findings using the Disease BioPortal and including the simultaneous visualization of the geographical, temporal, and genetic relation of isolates is publicly accessible at (http://cadms.ucdavis.edu/dl/ bp_vids/Bioportal_Romania_H5N1.mov.zip). Furthermore, three phylogenetic trees were calculated for each gene region to assess the degree of relatedness between the virus isolates. The phylogenetic trees were constructed with Molecular Evolutionary Genetic Analysis software version 5.05 (28) with the use of neighbor-joining tree analysis. A Tamura-Nei c model was used with 1000 bootstrap replications to assign confidence level to the tree topology.
The pairwise association of the space, time, and host species with nucleotide changes was assessed for H5N1 HPAIVs from any two infected birds (i and j) from 2005 to 2007 in Romania. Predictors were N KM i,j 5 pairwise spatial distance (km), which was measured by using the Haversine formula, which gives the great-circle distances between two points on a sphere of radius R, based on the longitude (long) and latitude (lat) of the points, so that:
where R 5 6367 km (i.e., the radius of the Earth), and latitude (lat) and longitude (long) were measured in radians.
N T i,j 5 pairwise absolute difference in time (days) between the sampling dates, which was estimated as 5 | T i 2 T j |.
N Sp i,j 5 pairwise difference in the species of isolation, which as encoded as 0 if the sample was isolated from the same bird species, and as 1 if otherwise. Table 1 Model formulation. The three gene segments of H5N1 HPAIV were initially aligned with the use of the Clustal X Multiple Sequence Alignment Program, version 1.81 (29) . The final alignments were made manually and number of different nucleotides (dn) matrix was calculated with the use of BioEdit Program, version 7.0.9 (8) . A mixed Bayesian regression model aimed to quantify the association between genomic differences of virus isolates obtained from diseased animal populations and the variation in space, time, and host species of the reported outbreaks has been described elsewhere (22) . Briefly, the outcome of interest was, alternatively, the dn i,j in the HA, NA, and NS genes, which were calculated for each pair of isolates (i,j) from all possible pairs of the 70 isolates (N 5 2415). In the Bayesian regression model, dn i,j was assumed to follow a binomial (n,p) process in which n was the total number of aligned nucleotides compared in each pair of isolates for each gene segment (n 5 1754 for HA gene, n 5 1371 for the NA gene, and n 5 846 for NS gene), and p was the probability that a nucleotide differs between the two HA, NA, NS gene sequences, which, when presented as a percentage, is referred to as the genetic distance. Each predictor (time, distance, species) was incorporated into the model as an independent fixed ( f ) effect, whereas a nonstructured random effect (U) was included in the formulation to account for lack of independence in the observations due to variables other than the three fixed factors assessed here. Therefore, the model was formally expressed as dn , Binomial(n,p), Because no prior information exists about the associations between the predictors and genetic distance for the three gene segments, noninformative prior distributions of the form N(0,0.01) and N[0, d , gamma (0.05, 0.005)] were used to model prior knowledge on the value of the regression coefficients for fixed and random effects, respectively. The model was run with the use of the WinBUGS (Bayesian inference by using Gibbs sampling) software, version 1.43 (14), with 20,000 iterations after burning out the first 1000 iterations. Values of KM i,j and T i,j were standardized by subtracting their value to the variable mean and dividing the results by the variable standard deviation. Variable transformations, including square root, power, exponential and log, were tested to assess whether they improved the model fitness; all possible two-way interactions were also assessed. For each gene segment, the formulation that included variables with significant probability interval for the posterior distribution of its regression coefficient b, and with the smallest deviance information criterion, was considered the model that best fitted the data. The odds ratios (ORs) of each predictor, which were estimated as the exponential of the posterior distribution of the regression coefficients of each significant variable, was computed to quantify the strength of association between factors f and p.
Model validation. For model validation, a split-sample crossvalidation approach was used to evaluate the reliability of the future prediction of genetic distance of the model for each of the gene segments. The data set for each possible pair of the 70 isolates H5N1 HPAIV (N 5 2415) was randomly partitioned into two groups with the use of a binary random number generator; 60% of the data set (n 5 1433) was randomly assigned into a learning subset, whereas the remaining 40% of the data set (n 5 982) was randomly assigned into a validation subset. Models were formulated with the use of the learning sample subset and the formulation that best fit the data was used to estimate the predicted genetic distance (PD) in the validation subset. The accuracy of the model was evaluated by computing the Spearman correlation coefficient (R), between the values of PD and the corresponding observed genetic distance (OD) in the validation subset. Furthermore, the sample squared multiple correlation (R 2 ) was estimated by squaring the correlation coefficient (R) between the values of PD and the corresponding OD for each gene segment in the training and validation subset. The quantity R 2 of the training subset was subtracted by the R 2 of the validation subset to estimate the absolute value of the shrinkage on cross-validation (R*) to assess model reliability in predicting genetic distances for each gene segment. The fitted model was said to be unreliable if R* $ 0.9. In contrast, if R* was #0.1, then the model was assumed to be reliable. The Grubbs test was used to identify outliers in the correlation of the validation subset, in which an outlier was interpreted to indicate failure to predict genetic distances (6) . In addition, a paired t-test was used to assess whether there was a tendency of the model to underestimate or overestimate the genetic distance systematically, by testing the mean difference between the OD and PD in the validation subset. A p value of $0.05 was interpreted to indicate no over-or underestimation of the genetic distance for each gene segment.
RESULTS
For all the 70 H5N1 HPAIVs, the median numbers of nucleotides that differed among the 2415 pairwise comparisons for the HA, NA, and NS gene segments were 17, 8, and 5, respectively. The minimum and maximum numbers of differing nucleotides were 0 and 43 for the HA gene, 0 and 30 for the NA gene, and 0 and 21 for the NS gene, respectively. The median distance for the 2415 pairwise comparisons, i.e., distance between each pair of isolates, was 137.3 km (1 standardized unit 5 89.4 km) with minimum and maximum distances of 0 and 552.4 km, respectively (Fig. 1) . The median time was 84 days (1 standardized unit 5 188.3 days) with a minimum and maximum time of 0 and 779 days, respectively (Fig. 2) . Sequencing and phylogenetic analysis of 70 H5N1 HPAIV in Romania suggest the presence of at least two different groups of viruses. The first group comprised 66 closely related viruses isolated from the 2005-2006 outbreaks, and the second group comprised four closely related viruses isolated from the 2007 outbreak (Fig. 3) .
Space, time, and host species were found to be significant predictors of the genetic distances (ORs . 1.0) for each of the gene segments without any two-way interactions, as indicated by the lowest deviance information criterion and the significance of the probability interval for the ORs ( Table 2) . The values of the OR in this study provide the relative change of the odds [(OR 2 1) * 100] under two different condition of a single predictor. For example, time was a significant predictor of the genetic distances of the HA gene, in which an OR 5 1.37 indicate a 37% increase of the odds of all genetic distances of the HA gene of two pairs of isolates being different, when the difference in their sampling time increases by 1 standardized unit of time (Table 2) . Model validation for all of three gene segments suggested a good fit as indicated by the results of R, R*, and paired t-test (Table 3) . No outliers were detected in the series of paired predicted and observed values for all of the three gene segments in the validation subset (Grubb test, P , 0.05).
DISCUSSION
Results of this study suggest that an increase in the variation between any pair of H5N1 HPAIVs, as measured by the number of nucleotide differences between HA, NA, and NS genes, was associated with the geographical locations, periods of time, and host species of the outbreaks. In each of the three gene segments of the 70 H5N1 HPAIV, a high probability of nucleotide differences (ORs . 1) was found between those viruses sampled from places at greater distances from each other, viruses sampled over greater periods of time, and viruses derived from different species ( Table 2) . The results of the present study agree with previous ecological and genomic studies that described how H5N1 HPAIV is under continuous evolution through rapid nucleotide substitution rates of its HA, NA, and NS genes, at different geographical locations, periods of time, and host species (2, 7, 10, 11, 15, 20, 30, 31) . Furthermore, the strength of the association (ORs) between the model's predictors and the chances of nucleotide substitutions was of similar magnitude for the HA and NS genes ( Table 2 ), suggesting that the nucleotide substitution rate was consistent and occurred simultaneously in two or more gene segments of H5N1 HPAIV sampled from different outbreaks in Romania between 2005 and 2007. Those results support findings from earlier studies that suggest that there may be equal magnitudes in the probability of nucleotide substitution occurring simultaneously in different gene segments of any given H5N1 HPAI isolate (31, 33) . (Fig. 4) , which could be attributed to the very small genetic differences of the 2006 and 2005 H5N1 HPAIVs. In this study, four out of the eight bird species were represented by only one isolate, and three others were represented by ,8 isolates ( Table 1 ). For that reason, the association between individual bird species and nucleotide variation of HPAIV was not assessed. Instead, the association between pairwise difference in the species of isolation and nucleotide substitution was assessed, and each pair of samples was categorized as either isolated from the same or different bird species.
The application of the modeling approach here for predicting genetic distances of virus isolates obtained from an AIV outbreak may depend on the quality of the sequencing data. For example, in the present study, few of the HA gene sequences were missing some nucleotide information which has resulted in unequal alignment. Furthermore, the median number of different nucleotides between the 2005-2006 isolates was very small in each of the three genes. In the model here it was assumed that nucleotide substitutions occurred independently from those in other genes, which ignores the observation that the nucleotide substitution process is dependent between all genes (11, 16, 26) . Although an extension of the current model to account for such dependence is straightforward, in the course of an H5N1 HPAIV epidemic, human and financial resources for full genome sequences may not be available. Therefore, a model predicting genetic distances for one gene segment such as the one presented here is likely to have broader application than a full genome model. Utility of such models in predicting genetic distance may also depend on the quality and quantity of epidemiological data obtained in the field during the course of an epidemic. For example, in the present study, the effect of poultry density, wild bird abundance, and weather conditions during the outbreaks, which are believed to be important epidemiological factors (2,7,11), could not be assessed because such data were not available.
The modeling approach presented may be useful, for example, during the course of an outbreak to predict genetic distances from the index virus to secondary outbreaks, by only using epidemiological data obtained in the field, and in the absence of genetic information from the secondary cases. Thus, without the need for detailed sequence data for the secondary outbreaks, some inferences may be made about the evolution of the virus and how closely related new outbreak isolates are to previously collected isolates; when compared to the actual sequence from secondary outbreaks, inferences on the probability of new incursions may be made (22) . Therefore, the presented model could complement traditional molecular characterization methods that commonly account for only temporal factors by providing further insights into host and environmental risk factors associated with the variation in the number of different nucleotides of prevailing epidemic strains of H5N1 HPAIV. However, in the face of multiple outbreaks, where a lack of resources often precludes rapid nucleotide sequence analysis of isolates, the model could be used to identify which outbreaks might not be caused by closely related viruses and to help establish priorities for sampling and nucleotide analysis.
In conclusion, the model proposed in the present study could be useful in estimating and understanding the degree of relatedness between strains, and could provide additional information to that available from traditional phylogenetic trees in the face of an AIV epidemic. Furthermore, our model uses epidemiological and genetic data not only to predict genetic distances between H5N1 HPAIV, but also to measure deviations from expected genetic differences; thus our approach may also predict new virus introductions or emergence in the face of an outbreak.
